Impacts of dark energy on weighing neutrinos after Planck 2015 by Zhang, Xin
Impacts of dark energy on weighing neutrinos after Planck 2015
Xin Zhang1, 2, ∗
1Department of Physics, College of Sciences, Northeastern University, Shenyang 110004, China
2Center for High Energy Physics, Peking University, Beijing 100080, China
We investigate how dark energy properties impact the cosmological limits on the total mass of
active neutrinos. We consider two typical, simple dark energy models (that have only one more
additional parameter than ΛCDM), i.e., the wCDM model and the holographic dark energy (HDE)
model, as examples, to make an analysis. In the cosmological fits, we use the Planck 2015 tem-
perature and polarization data, in combination with other low-redshift observations, including the
baryon acoustic oscillations, type Ia supernovae, and Hubble constant measurement, as well as the
Planck lensing measurements. We find that, once dynamical dark energy is considered, the degener-
acy between
∑
mν and H0 will be changed, i.e., in the ΛCDM model,
∑
mν is anti-correlated with
H0, but in the wCDM and HDE models,
∑
mν becomes positively correlated with H0. Compared
to ΛCDM, in the wCDM model the limit on
∑
mν becomes much looser, but in the HDE model
the limit becomes much tighter. In the HDE model, we obtain
∑
mν < 0.113 eV (95% CL) with
the combined data sets, which is perhaps the most stringent upper limit by far on neutrino mass.
Thus, our result in the HDE model is nearly ready to diagnose the neutrino mass hierarchy with
the current cosmological observations.
The solar and atmospheric neutrino experiments have
shown that neutrinos are massive and that there is sig-
nificant mixing between different neutrino species (see
[1] for a review). However, the measurement of the abso-
lute neutrino mass scale is a challenge for experimental
particle physics. The neutrino oscillation experiments
can only measure the squared mass differences between
the neutrino mass eigenstates. Cosmological observations
are, nevertheless, more prone to be capable of detecting
the effects of the absolute neutrino mass. The cosmic mi-
crowave background (CMB) observations, combined with
large-scale structure and distance measurements, have
been providing tight limits on the total mass of neutrinos
(see, e.g., [2, 3], and references therein).
Massive neutrinos could affect the CMB anisotropies
and matter clustering, thus providing a potential way
to weigh them through the CMB and large-scale struc-
ture observations. The fact that neutrinos have masses
changes the redshift of matter-radiation equality epoch
zeq, and thus affects the position and amplitude of the
acoustic peaks in the CMB power spectrum. The neu-
trino mass will change the angular diameter distance to
the last scattering surface, DA(z∗). To ensure the same
observed acoustic peak scale θ∗, the effect on the back-
ground cosmology can be compensated by changing other
background parameters, such as the Hubble constant H0
and the equation-of-state parameter of dark energy w
(or other parameters characterizing dark energy proper-
ties). This is why the neutrino mass
∑
mν (summed
over the three neutrino families) is degenerated with H0
and w. The neutrino mass also affects the slope of the
CMB power spectrum at low multipoles due to the inte-
grated Sachs-Wolfe (ISW) effect that describes the en-
ergy change of CMB photons caused by the decay of
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the gravitational potentials during radiation domination
(early ISW effect) or dark energy domination (late ISW
effect). In addition, due to the large thermal velocity
of neutrinos which leads to a large free-streaming scale,
the massive neutrinos could free-stream out of matter
perturbations, and thus introduce a scale-dependent sup-
pression of the clustering amplitude. This also affects the
late-time effect of lensing on the CMB power spectrum,
i.e., massive neutrinos also suppress the lensing potential.
The Planck 2015 CMB data have provided the tight
limits on the total mass of active neutrinos,
∑
mν [3].
The base ΛCDM model assumes a normal mass hierar-
chy of neutrinos with
∑
mν ≈ 0.06 eV (dominated by
the heaviest neutrino mass eigenstate). When the model
is extended to allow for larger neutrino masses, a rea-
sonable assumption is that the three species of neutri-
nos have degenerate masses, neglecting the small differ-
ences between mass eigenstates. For the ΛCDM model,
the Planck data (Planck TT+lowP) give the constraint∑
mν < 0.72 eV.
1 Here, “lowP” denotes the Planck low-
` temperature-polarization data. It is known that the
CMB data alone have a limitation to constrain the neu-
trino mass due to the acoustic scale degeneracy with H0.
So, it is necessary to combine the CMB data with other
late-time cosmological probes in order to break the de-
generacy. Adding the baryon acoustic oscillation (BAO)
data could help to break the acoustic scale degeneracy
and tighten the constraint on
∑
mν substantially. The
Planck TT+lowP+BAO data combination changes the
limit to:
∑
mν < 0.21 eV. Since the full Planck mission
1 The CMB data alone can only loosely constrain the total neu-
trino mass. For dynamical dark energy models, the situation
is almost the same. For example, for the wCDM model and
the holographic dark energy model, our numerical calculations
show that the Planck TT+lowP data give
∑
mν < 0.76 eV and∑
mν < 0.61 eV, respectively.
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2released the first analysis of the Planck polarization data,
one could add the polarization data to the constraint,
which will further tighten the neutrino mass limit. The
combination of Planck TT, TE, EE+lowP+BAO leads
to the limit
∑
mν < 0.17 eV. Note that all the upper
limit values for neutrino mass quoted in this paper refer
to the 95% confidence level (CL).
It should also be noticed that dark energy properties
would impact the constraints on neutrino mass with cos-
mological observations. The cosmological limits on neu-
trino mass in some dynamical dark energy models have
been discussed in the literature [4–7]. In this paper, we
will investigate how a dynamical dark energy impacts the
measurements of neutrino mass
∑
mν with the Planck
2015 data, compared to the case of ΛCDM.
Though the cosmological constant (or vacuum energy)
Λ is the simplest candidate of dark energy and the ΛCDM
model can fit various cosmological observations quite
well, it always suffers from the severe theoretical chal-
lenges, and actually some other possibilities for dark en-
ergy could not be excluded currently. But there exists
too many seemingly viable dark energy models originat-
ing from various physical considerations. Of course, in
practice, it is not possible, and not necessary, to discuss
them one by one. A feasible scheme is to choose some
typical dark energy models, as the simple extensions to
ΛCDM, to detect the effects of dark energy properties on
weighing neutrinos.
In this paper we only consider the simplest dynami-
cal dark energy models, which means that the models we
choose are those having only one more parameter com-
pared to ΛCDM. The first one is the wCDM model in
which dark energy has a constant equation of state (EoS)
w. Though it is simple, it seems that we have no reason
to let w remain constant in the actual physical considera-
tion. Usually, one can test a time-varying EoS by adopt-
ing the parametrization of w(a) = w0 + wa(1 − a). But
this will introduce one more additional parameter, and so
we do not consider such a case in this paper. Actually, a
more reasonable way in this regard to test a time-varying
EoS is to consider the holographic dark energy (HDE)
model [8–10] which has the only additional parameter c
in the definition of its energy density, ρde = 3c
2M2PlR
−2
EH,
where MPl is the reduced Planck mass and REH is the
event horizon size of the universe. Note here that c is not
the speed of light (actually we adopt in this paper the
natural units in which the speed of light equals one), but
the parameter of HDE. In the HDE model, c is a dimen-
sionless parameter that solely determines the evolution
of dark energy [11–15]; see the equations (2.4)–(2.7) in
[7] for the evolution of dark energy in the HDE model
with massive neutrinos and dark radiation.
We use the Planck 2015 CMB power spectra data, in
combination with other astrophysical data, to place con-
straints on the neutrino mass in the two considered dy-
namical dark energy models, and then make a compar-
ison with the case of ΛCDM. We use the Planck 2015
CMB temperature and polarization data [16] in our cal-
culations. We consider the combination of the likelihood
at 30 ≤ ` ≤ 2500 in the TT, TE, and EE power spec-
tra and the Planck low-` likelihood in the range of 2 ≤
` ≤ 29, which is denoted as “Planck TT,TE,EE+lowP,”
following the nomenclature of the Planck collaboration
[3]. In order to break the geometric degeneracy, it is
necessary to consider the BAO data. Following [3], we
use the BAO data of the six-degree-field galaxy survey
(6dFGS) at zeff = 0.106 [17], the SDSS main galaxy
sample (MGS) at zeff = 0.15 [18], the baryon oscillation
spectroscopic survey (BOSS) “LOWZ” at zeff = 0.32 [19],
and the BOSS CMASS (i.e., “constant mass” sample) at
zeff = 0.57 [19]. Our basic data combination adopted in
this paper is the Planck TT,TE,EE+lowP+BAO combi-
nation.
To simultaneously constrain dark energy parameters,
one needs to include more low-redshift measurements.
We thus consider the type Ia supernova (SN) data and
the Hubble constant measurement. For the SN data, we
use the “joint light-curve analysis” (JLA) sample [20].
For the Hubble constant direct measurement, we use the
value given by Efstathiou [21], H0 = 70.6 ± 3.3 km s−1
Mpc−1 (derived from a re-analysis of the Cepheid data
of Riess et al. [22] using the revised geometric maser dis-
tance to NGC 4258). In addition, since the CMB lensing
can provide additional information at low redshifts, it is
also useful to employ the Planck lensing likelihood [23]
in our calculations.
In addition, to probe the neutrino mass and dark en-
ergy properties, the measurements of growth of structure
are rather important. For example, the observations of
redshift space distortions (RSD), weak gravitational lens-
ing (WL), and galaxy cluster counts have been used to
search for massive neutrinos [24–35] and to distinguish
between effects of dark energy and modified gravity [36–
40], and the combination of Planck, RSD and WL data
does prefer extensions to the base ΛCDM cosmology.
However, it is believed that currently significant, uncon-
trolled systematics still remains, more or less, in these
measurements. Therefore, we do not use RSD, WL, or
cluster counts measurements for combined constraints in
this paper.
We use the CosmoMC package [41] to infer the posterior
probability distributions of parameters. We set flat priors
for the base parameters; the prior ranges for the param-
eters are chosen to be much wider than the posterior in
order not to affect the results of parameter estimation.
The perturbations in dark energy are also considered in
our calculations, which is physically necessary, though for
smooth dark energy the clustering of dark energy inside
the horizon is strongly suppressed. To deal with the per-
turbation divergence problem at the w = −1 crossing [42]
in some dynamical dark energy models such as the HDE
model, we employ the “parametrized post-Friedmann”
(PPF) framework [43, 44] as implemented in CAMB [45]
(see also [46–48]). In the following, we report the results
of the parameter estimation.
We discuss the fitting results of the three models,
3TABLE I: Fit results for the neutrino extended models of ΛCDM, wCDM, and HDE cosmologies. Best fit values with ±1σ
errors are presented, but for the total neutrino mass
∑
mν , the 95% upper limits are given.
Data Planck TT,TE,EE+lowP+BAO Planck TT,TE,EE+lowP+BAO+lensing+SN+H0
Model ΛCDM wCDM HDE ΛCDM wCDM HDE
Ωbh
2 0.02228± 0.00015 0.02223+0.00016−0.00015 0.02228± 0.00015 0.02229± 0.00014 0.02226± 0.00015 0.02237± 0.00015
Ωch
2 0.1192± 0.0011 0.1197± 0.0014 0.1191± 0.0013 0.1187± 0.0011 0.119± 0.0012 0.1177+0.0011−0.0012
100θMC 1.04083
+0.00030
−0.00031 1.04075
+0.00032
−0.00031 1.04086± 0.00032 1.0409± 0.00029 1.04086± 0.0003 1.04105± 0.0003
τ 0.082± 0.017 0.081± 0.018 0.086± 0.017 0.068+0.014−0.016 0.068+0.015−0.016 0.083± 0.014
w/ca ... −1.068+0.077−0.070 0.533+0.048−0.056 ... −1.043+0.056−0.047 0.633+0.032−0.039∑
mν [eV] < 0.177 < 0.328 < 0.168 < 0.197 < 0.304 < 0.113
ns 0.9659± 0.0041 0.9645± 0.0046 0.9663± 0.0045 0.9669+0.0041−0.0040 0.9656± 0.0043 0.9697± 0.0044
ln(1010As) 3.097± 0.033 3.096+0.035−0.034 3.105+0.032−0.033 3.067+0.027−0.029 3.067+0.027−0.031 3.096+0.027−0.026
Ωm 0.3128
+0.0073
−0.0075 0.304± 0.014 0.276+0.016−0.015 0.3109+0.0070−0.0079 0.3068+0.0092−0.0093 0.3008+0.0090−0.0098
H0 67.6± 0.6 68.7+1.6−1.9 71.9+2.0−2.4 67.55+0.64−0.56 68.2± 1.0 68.4± 1.0
σ8 0.829
+0.019
−0.016 0.836± 0.023 0.862± 0.025 0.811+0.015−0.011 0.813+0.017−0.014 0.818± 0.013
χ2min 12940.94 12939.28 12945.50 13659.04 13655.89 13671.50
aw is for wCDM and c is for HDE.
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FIG. 1: The Planck TT,TE,EE+lowP+BAO constraints on the ΛCDM (blue), wCDM (red), and HDE (green) models. The
68% and 95% confidence level contours are shown in the parameter planes of
∑
mν versus Ωbh
2, H0, τ , and σ8.
ΛCDM, wCDM, and HDE, under the constraints from
the two data combinations, i.e., Planck TT, TE, EE +
lowP + BAO and Planck TT, TE, EE + lowP + BAO
+ lensing + SN + H0. In these models, we consider the
total mass of three species of active neutrinos,
∑
mν .
The degenerate-mass assumption is made for the three
species of neutrinos, as mentioned above. Note also that
the three cosmological models have different numbers of
parameters: the ΛCDM model has seven base parame-
ters, and the wCDM and HDE models have eight base
parameters.
The fitting results are shown in Table I and Figs. 1–
3. In Table I, we present the fit values with ±1σ errors
for the parameters, but for the total mass of neutrinos∑
mν , we give the 95% CL upper limits. In Figs. 1–
3, we show the 68% and 95% CL posterior distribution
contours for the models.
In the case of Planck TT,TE,EE+lowP+BAO con-
straints, we have
∑
mν < 0.177 eV for ΛCDM,
∑
mν <
0.328 eV for wCDM, and
∑
mν < 0.168 eV for HDE. We
find that in the wCDM model, the upper limit of
∑
mν
is much bigger than that in the ΛCDM model. But in
this case, the HDE model yields a slightly smaller limit
value of neutrino mass than the ΛCDM model. Com-
paring the χ2 values of the three models in the fit, we
find that the wCDM model performs slightly better than
the ΛCDM model by ∆χ2 = −1.66, at the expense of
adding one more parameter. But the HDE model per-
forms worse than ΛCDM by ∆χ2 = 4.56 though it has
one more parameter. A careful check reveals that the rea-
son for this is that the HDE model cannot fit the BAO
point at zeff = 0.57 well in the global fit, of which ∆χ
2
contributes solely about 3.
In Fig. 1, we compare the constraint results of the three
models in the fit to the Planck TT,TE,EE+lowP+BAO
data combination. We find that the fit values of Ωbh
2
and Ωch
2 are similar for the three models, but the results
of Ωm, H0, and σ8 are quite different. This indicates
that the dark energy properties play an important role
in changing the fit results.
The Planck data have accurately measured the acous-
tic peaks and thus the observed angular size of acoustic
scale θ∗ = rs/DA is determined to a high precision (much
better than 0.1% precision at 1σ). This places tight con-
straints on some combinations of the cosmological param-
eters that determine rs and DA. In the cosmological fit
using the Planck data, the parameter combinations must
be constrained to be close to a surface of constant θ∗.
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FIG. 2: The Planck TT,TE,EE+lowP+BAO+lensing+SN+H0 constraints on the ΛCDM (blue), wCDM (red), and HDE
(green) models. The 68% and 95% confidence level contours are shown in the parameter planes of
∑
mν versus Ωbh
2, H0, τ ,
and σ8.
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FIG. 3: Two-dimensional joint, marginalized constraints (68% and 95% confidence level) on the wCDM and HDE models from
the Planck TT,TE,EE+lowP+BAO (red) and Planck TT,TE,EE+lowP+BAO+lensing+SN+H0 (blue) data combinations.
The constraint results in the
∑
mν–w (for wCDM, left panel) and
∑
mν–c (for HDE, right panel) planes are shown.
This surface depends on the models that are assumed. In
the ΛCDM model, the precise determination of θ∗ yields
a nearly constant Ωmh
3. But for the wCDM and HDE
models, this is not true; the distributions of Ωmh
3 in
these two models are much broader than in the ΛCDM
model [49]. However, the three models have the similar
distributions of Ωmh
2 [49]. The constraints on Ωmh
3 and
Ωmh
2 lead to the fact that H0 can be tightly constrained
in the ΛCDM model, but cannot be so well constrained in
dynamical dark energy models. Therefore, we find that
dark energy properties significantly affect the determina-
tion of Ωmh
3 and thus the value of H0.
From Fig. 1, we also find that
∑
mν is anti-correlated
with H0 in the ΛCDM model, but is positively correlated
with H0 in the wCDM and HDE models. The degeneracy
in the parameter space gives rise to consistent changes in
parameters including H0, Ωm,
∑
mν , and w (or c), so
that the ratio of the sound horizon and angular diameter
distance remains nearly constant. Changes in the dark
energy density due to its dynamical properties (charac-
terized by w or c in our cases) could have some effects
on the parameters such as H0 and
∑
mν because they
would change to compensate. Hence, the impacts of dark
energy lead to the changes of correlation between
∑
mν
and H0.
Neutrino masses could suppress the powers of CMB,
which can be compensated by increasing the amplitude of
primordial spectrum As. The measurements of the CMB
temperature power spectrum provide a highly accurate
measurement of the combination Ase
−2τ , where τ is the
reionization optical depth parameter, which leads to a
strong degeneracy (positive correlation) between As and
τ . Thus we can infer that
∑
mν is positively correlated
with τ , which is confirmed in Fig. 1 for all the three
models. We find that the current CMB+BAO data prefer
a high value of τ (τ ∼ 0.081− 0.086) for all the models.
As shown in [3], the CMB lensing data could break the
degeneracy between As and τ , and in the case of ΛCDM,
the value of τ could be lowered by adding lensing data.
In addition, due to the free-streaming of massive neu-
trinos, larger masses tend to prefer lower σ8, thus
∑
mν
is anti-correlated with σ8, as confirmed by the constraint
results for all the models in Fig. 1.
Adding the BAO data helps partly break the geomet-
ric degeneracies, but not enough. In order to further
break the degeneracies, in particular, to accurately probe
the dark energy properties and measure neutrino mass,
one needs to add more low-redshift observations, such
as SN and H0, as well as CMB lensing. Figure 2 shows
the comparison of the three models under the constraints
5from Planck TT,TE,EE+lowP+BAO+lensing+SN+H0.
In this case, we have
∑
mν < 0.197 eV for ΛCDM,∑
mν < 0.304 eV for wCDM, and
∑
mν < 0.113 eV
for HDE. Thus, we see that adding the low-redshift data
changes the values of upper limit of
∑
mν . For the
ΛCDM model, the constraint becomes slightly weaker;
for the wCDM model, the constraint becomes slightly
tighter; and for the HDE model, the constraint is signif-
icantly tightened.
We also find that adding the CMB lensing data indeed
helps improve the measurement of τ . For the ΛCDM and
wCDM models, the values of τ are significantly lowered
by adding lensing data, but for the HDE data, the central
value of τ is still at 0.083 in this case.
To directly show how dark energy properties affect
the constraints on neutrino mass, we plot the two-
dimensional posterior distribution contours (68% and
95% CL) in the
∑
mν–w plane for wCDM and in the∑
mν–c plane for HDE, under the constraints from the
both two data combinations, in Fig. 3. We find that,
in the wCDM model,
∑
mν is anti-correlated with w,
and in the HDE model,
∑
mν is also anti-correlated
with c. Evidently, adding low-redshift data tightens the
constraints on dark energy parameters and thus changes
the limits on neutrino mass. For the wCDM model, we
have w = −1.068+0.077−0.070 from CMB+BAO, and it changes
to w = −1.043+0.056−0.047 when the low-redshift data are
added. For the HDE model, we have c = 0.533+0.048−0.056
from CMB+BAO, and it changes to c = 0.633+0.032−0.039
when the low-redshift observations are included. We find
that, for the HDE model, the Planck CMB data prefer
a low value of c, and the low-redshift observations tend
to drive c upward to a higher value, which is in accor-
dance with the conclusions in previous studies [7, 49].
The changes of c strikingly impact the measurements of
neutrino mass, and thus we obtain the extremely strin-
gent limit,
∑
mν < 0.113 eV, in this case. Since
∑
mν
must be greater than approximately 0.1 eV in the in-
verted mass hierarchy (degenerate hierarchy in cosmol-
ogy) [50], our result in the HDE model is nearly ready
to diagnose the neutrino mass hierarchy with the current
cosmological probes.
In conclusion, the dark energy properties could sig-
nificantly impact the constraint limits on neutrino mass∑
mν . To test how dynamical dark energy would affect
the constraints on
∑
mν , we employ two typical, simple
dark energy models as examples, i.e., the wCDM model
and the HDE model, to make an analysis. They both
have only one more parameter than the ΛCDM model.
We use the Planck 2015 temperature and polarization
data, in combination with other low-redshift observa-
tions, to constrain the models. The acoustic scale de-
generacy leads to consistent changes in parameters such
as H0,
∑
mν , and w (or c), which ensures that the ra-
tio of the sound horizon and angular diameter distance
remains nearly constant. Thus the dark energy param-
eters could have effects on the parameters such as H0
and
∑
mν since they would change to compensate. This
leads to the fact that, in the ΛCDM model,
∑
mν is anti-
correlated with H0, but once dynamical dark energy is
introduced,
∑
mν becomes positively correlated withH0,
as shown in the wCDM and HDE models (Figs. 1 and
2). Our analysis also shows that
∑
mν is anti-correlated
with w in the wCDM model and is anti-correlated with c
in the HDE model (Fig. 3). We find that in the wCDM
model the limits on
∑
mν become much looser, but in
the HDE model the limits become much more stringent.
Using the Planck TT,TE,EE+lowP+BAO data, we
obtain
∑
mν < 0.177 eV for ΛCDM,
∑
mν < 0.328 eV
for wCDM, and
∑
mν < 0.168 eV for HDE. Using the
Planck TT,TE,EE+lowP+BAO+lensing+SN+H0 data,
we obtain
∑
mν < 0.197 eV for ΛCDM,
∑
mν < 0.304
eV for wCDM, and
∑
mν < 0.113 eV for HDE. There-
fore, we conclude that in the HDE model we can get
perhaps the most stringent upper limit by far on the to-
tal mass of active neutrinos,
∑
mν < 0.113 eV, with the
combined cosmological data sets. Our study shows that,
if dark energy is not a cosmological constant, then the al-
lowed neutrino mass window could become much tighter
and would be further closed by forthcoming observations.
We will leave further relevant discussions on this subject
to a forthcoming paper [51].
Acknowledgments
The author would like to thank Yun-He Li, Jing-Fei
Zhang, Ming-Ming Zhao, and Shun Zhou for helpful
discussions. This work is supported by the Top-Notch
Young Talents Program of China, the National Natural
Science Foundation of China (Grants No. 11522540 and
No. 11175042), and the Fundamental Research Funds for
the Central Universities (Grants No. N140505002, No.
N140506002, and No. L1505007).
[1] J. Lesgourgues and S. Pastor, Phys. Rept. 429, 307
(2006) [astro-ph/0603494].
[2] P. A. R. Ade et al. [Planck Collaboration], Astron. Astro-
phys. 571, A16 (2014) [arXiv:1303.5076 [astro-ph.CO]].
[3] P. A. R. Ade et al. [Planck Collaboration],
arXiv:1502.01589 [astro-ph.CO].
[4] H. Li and X. Zhang, Phys. Lett. B 713, 160 (2012)
[arXiv:1202.4071 [astro-ph.CO]].
[5] Y. H. Li, S. Wang, X. D. Li and X. Zhang, JCAP 1302,
033 (2013) [arXiv:1207.6679 [astro-ph.CO]].
[6] J. F. Zhang, J. J. Geng and X. Zhang, JCAP 1410, no.
10, 044 (2014) [arXiv:1408.0481 [astro-ph.CO]].
[7] J. F. Zhang, M. M. Zhao, Y. H. Li and X. Zhang, JCAP
1504, 038 (2015) [arXiv:1502.04028 [astro-ph.CO]].
[8] M. Li, Phys. Lett. B 603, 1 (2004) [hep-th/0403127].
[9] Q. G. Huang and M. Li, JCAP 0408, 013 (2004) [astro-
6ph/0404229].
[10] J. F. Zhang, M. M. Zhao, J. L. Cui and X. Zhang,
Eur. Phys. J. C 74, no. 11, 3178 (2014) [arXiv:1409.6078
[astro-ph.CO]].
[11] X. Zhang and F. Q. Wu, Phys. Rev. D 72, 043524 (2005)
[astro-ph/0506310].
[12] X. Zhang and F. Q. Wu, Phys. Rev. D 76, 023502 (2007)
[astro-ph/0701405].
[13] X. Zhang, Phys. Lett. B 648, 1 (2007) [astro-
ph/0604484].
[14] X. Zhang, Phys. Rev. D 74, 103505 (2006) [astro-
ph/0609699].
[15] M. Li, X. D. Li, S. Wang and X. Zhang, JCAP 0906,
036 (2009) [arXiv:0904.0928 [astro-ph.CO]].
[16] N. Aghanim et al. [Planck Collaboration],
[arXiv:1507.02704 [astro-ph.CO]].
[17] F. Beutler et al., Mon. Not. Roy. Astron. Soc. 416, 3017
(2011) [arXiv:1106.3366 [astro-ph.CO]].
[18] A. J. Ross, L. Samushia, C. Howlett, W. J. Percival,
A. Burden and M. Manera, Mon. Not. Roy. Astron. Soc.
449, no. 1, 835 (2015) [arXiv:1409.3242 [astro-ph.CO]].
[19] L. Anderson et al. [BOSS Collaboration], Mon. Not.
Roy. Astron. Soc. 441, no. 1, 24 (2014) [arXiv:1312.4877
[astro-ph.CO]].
[20] M. Betoule et al. [SDSS Collaboration], Astron. Astro-
phys. 568, A22 (2014) [arXiv:1401.4064 [astro-ph.CO]].
[21] G. Efstathiou, Mon. Not. Roy. Astron. Soc. 440, no. 2,
1138 (2014) [arXiv:1311.3461 [astro-ph.CO]].
[22] A. G. Riess et al., Astrophys. J. 730, 119 (2011) [As-
trophys. J. 732, 129 (2011)] [arXiv:1103.2976 [astro-
ph.CO]].
[23] P. A. R. Ade et al. [Planck Collaboration],
arXiv:1502.01591 [astro-ph.CO].
[24] J. F. Zhang, Y. H. Li and X. Zhang, Phys. Lett. B 740,
359 (2015) [arXiv:1403.7028 [astro-ph.CO]].
[25] C. Dvorkin, M. Wyman, D. H. Rudd and W. Hu, Phys.
Rev. D 90, no. 8, 083503 (2014) [arXiv:1403.8049 [astro-
ph.CO]].
[26] J. F. Zhang, Y. H. Li and X. Zhang, Eur. Phys. J. C 74,
2954 (2014) [arXiv:1404.3598 [astro-ph.CO]].
[27] Y. H. Li, J. F. Zhang and X. Zhang, Sci. China Phys.
Mech. Astron. 57, 1455 (2014) [arXiv:1405.0570 [astro-
ph.CO]].
[28] M. Archidiacono, N. Fornengo, S. Gariazzo, C. Giunti,
S. Hannestad and M. Laveder, JCAP 1406, 031 (2014)
[arXiv:1404.1794 [astro-ph.CO]].
[29] J. Bergstrm, M. C. Gonzalez-Garcia, V. Niro and J. Sal-
vado, JHEP 1410, 104 (2014) [arXiv:1407.3806 [hep-ph]].
[30] B. Leistedt, H. V. Peiris and L. Verde, Phys. Rev. Lett.
113, 041301 (2014) [arXiv:1404.5950 [astro-ph.CO]].
[31] F. Beutler et al. [BOSS Collaboration], Mon. Not. Roy.
Astron. Soc. 444, 3501 (2014) [arXiv:1403.4599 [astro-
ph.CO]].
[32] A. B. Mantz et al., Mon. Not. Roy. Astron. Soc. 446,
2205 (2015) [arXiv:1407.4516 [astro-ph.CO]].
[33] E. Di Valentino, E. Giusarma, M. Lattanzi, O. Mena,
A. Melchiorri and J. Silk, Phys. Lett. B 752, 182 (2016)
[arXiv:1507.08665 [astro-ph.CO]].
[34] G. Rossi, C. Yche, N. Palanque-Delabrouille and J. Les-
gourgues, Phys. Rev. D 92, no. 6, 063505 (2015)
[arXiv:1412.6763 [astro-ph.CO]].
[35] E. Di Valentino, E. Giusarma, O. Mena, A. Melchiorri
and J. Silk, arXiv:1511.00975 [astro-ph.CO].
[36] P. A. R. Ade et al. [Planck Collaboration],
arXiv:1502.01590 [astro-ph.CO].
[37] L. Samushia et al., Mon. Not. Roy. Astron. Soc. 429,
1514 (2013) [arXiv:1206.5309 [astro-ph.CO]].
[38] F. Beutler et al. [BOSS Collaboration], Mon. Not. Roy.
Astron. Soc. 443, no. 2, 1065 (2014) [arXiv:1312.4611
[astro-ph.CO]].
[39] J. F. Zhang, Y. H. Li and X. Zhang, Phys. Lett. B 739,
102 (2014) [arXiv:1408.4603 [astro-ph.CO]].
[40] Y. H. Li, J. F. Zhang and X. Zhang, Phys. Lett. B 744,
213 (2015) [arXiv:1502.01136 [astro-ph.CO]].
[41] A. Lewis and S. Bridle, Phys. Rev. D 66, 103511 (2002)
[astro-ph/0205436].
[42] G. B. Zhao, J. Q. Xia, M. Li, B. Feng and X. Zhang,
Phys. Rev. D 72, 123515 (2005) [astro-ph/0507482].
[43] W. Hu and I. Sawicki, Phys. Rev. D 76, 104043 (2007)
[arXiv:0708.1190 [astro-ph]].
[44] W. Hu, Phys. Rev. D 77, 103524 (2008) [arXiv:0801.2433
[astro-ph]].
[45] W. Fang, W. Hu and A. Lewis, Phys. Rev. D 78, 087303
(2008) [arXiv:0808.3125 [astro-ph]].
[46] Y. H. Li, J. F. Zhang and X. Zhang, Phys. Rev. D 90,
no. 6, 063005 (2014) [arXiv:1404.5220 [astro-ph.CO]].
[47] Y. H. Li, J. F. Zhang and X. Zhang, Phys. Rev. D 90,
no. 12, 123007 (2014) [arXiv:1409.7205 [astro-ph.CO]].
[48] Y. H. Li, J. F. Zhang and X. Zhang, Phys. Rev. D 93,
no. 2, 023002 (2016) [arXiv:1506.06349 [astro-ph.CO]].
[49] M. Li, X. D. Li, Y. Z. Ma, X. Zhang and Z. Zhang, JCAP
1309, 021 (2013) [arXiv:1305.5302 [astro-ph.CO]].
[50] M. C. Gonzalez-Garcia, M. Maltoni, J. Salvado and
T. Schwetz, JHEP 1212, 123 (2012) [arXiv:1209.3023
[hep-ph]].
[51] M. M. Zhao and X. Zhang, in preparation.
